We have developed a method called optical transient positron spectroscopy and apply it to study the optically induced carrier trapping and charge transfer processes in natural brown type IIa diamond. By measuring the positron lifetime with continuous and pulsed illumination, we present an estimate of the optical absorption cross section of the vacancy clusters causing the brown color. The vacancy clusters accept electrons from the valence band in the absorption process, giving rise to photoconductivity.
Positron annihilation spectroscopy is an experimental method sensitive to neutral and negatively charged vacancy defects in semiconductors [1] . Measurements performed at varying temperatures have revealed many important properties of charged defects such as the Ga vacancies in GaN [2] or the Zn vacancies in ZnO [3] . Combining traditional ways of measuring with optical illumination during measurements has led to identifying, e.g., the monovacancy character of the midgap electron trap (EL2) defect in GaAs [4] and the donor-complex (DX) center in Al x Ga 1Àx As [5] . More recently, similar experiments have been used to identify the contribution of V Si behind some of the optical transitions in SiC [6] , in addition to identifying the origin of the brown coloration of highest purity natural diamond [7, 8] . The sensitivity to the charge state (observed as an enhanced signal from negative centers especially at low temperatures) is the key feature of the positron methods when optical illumination is applied, as the defect levels can be populated or depopulated by photon absorption.
We have developed a method to perform positron measurements during the relaxation of optically excited semiconductors, called optical transient positron spectroscopy. We obtain information on the energy levels of the vacancy defect(s), their concentrations, and carrier capture and recombination rates. Correlating with photoconductivity measurements gives the possibility to analyze also the behavior of photogenerated free carriers. To demonstrate the potential of the developed method, we apply it to brown type IIa diamond that exhibits colossal effects on positron data during illumination [8] . However, the method is not limited to studying defects in natural diamond. For example, the dynamic optical properties of synthetic diamond are of considerable interest in light of potential applications in high power solid state optoelectronics [9, 10] . The advances in the chemical vapor deposition (CVD) of diamond [11, 12] and the long spin decoherence times of nitrogen-vacancy (N-V) centers [13, 14] have recently brought significant pressure into obtaining a better understanding of the charge transfer processes in diamond. Reports on the observation of monovacancy defects in type Ib CVD diamond exist [15, 16] , and N-V-related centers have been shown to exhibit optical activity with positron measurements [17] .
We present positron lifetime results on the timedependent photoexcitation of vacancy type defects in natural type IIa (highest purity, less than 10 16 cm À3 nitrogen) diamond. The measured sample pair shows a slight brown color resulting from a continuous absorption ramp starting at 2.0 eV, typical of brown diamond [18] . The defect behind the brown coloration has been identified as a vacancy cluster of 40-60 missing atoms [8] producing a lifetime component of about 400 ps, supported by theoretical considerations and experiments [19, 20] . Optical sub-band-gap excitation results in negative charging of the vacancy cluster, causing the visible absorption. Brown type IIa diamond is used to demonstrate the method as the 400 ps positron lifetime is clearly visible in the experimental spectrum, enabling us to concentrate on the effects of illumination. More subtle changes in the positron annihilation data (such as those produced by monovacancy defects) can be studied as well, as long as the charge state of the vacancies of interest can be manipulated by optical excitation [4] [5] [6] 21] .
The positron lifetime was recorded by using conventional instrumentation [1] with a possibility to illuminate the samples [22] . The lifetime spectrum is analyzed as a superposition of exponential decay components nðtÞ ¼ intensity I i . The spectrum can be decomposed to 1-3 components corresponding to annihilations in a delocalized state in the lattice or a localized state at vacancies. The increase of average lifetime ave ¼ AE i I i i above the lifetime in bulk material is an indication of vacancy (open volume) defects being present. The transition rate for the thermalized positron to a vacancy (called the trapping rate) is defined as ¼ D c D , where c D is the defect concentration and D is the trapping coefficient. High power light emitting diodes (LEDs) in near-UV, blue, and green wavelengths were used for the optical illumination. The near-UV LED had nominal radiant flux of 700 mW ( AE 5%) at wavelength 400 nm (3.1 eV) (AE 5%), the blue LED 970 mW (at 2.7 eV, 465 nm), and the green 340 mW (2.4 eV, 525 nm). Collecting the positron lifetime spectra was started after switching off the light source, and the spectrum was recorded in slots of 1-10 s so that the positron lifetime spectra were obtained at times 5, 15, 25 s, etc., after the illumination. The slot length did not affect the positron lifetime results. Photoconductivity was studied by using the same LEDs.
We propose a simple two-state model for analyzing the effect of the optical excitation. Based on the earlier results of positron measurements as a function of illumination and temperature [7, 8] , it is clear that electrons are excited into the originally neutral vacancies that become negatively charged. By assuming that electrons are excited directly from the valence band to the vacancy cluster, the transition rate can be written as
where [V 0 ] and [V À ] are the concentrations of vacancies in neutral and negative charge states, respectively, is the optical absorption cross section of the vacancy cluster, is the photon flux, and g is the transition rate back to the neutral charge state. During steady-state illumination, electrons are excited to the vacancy cluster with the same rate as holes and electrons recombine, i.e., d½V À dt ¼ 0. Therefore, the fraction of clusters with single negative charge can be written as
by taking into account the conservation of vacancy concentration ½V 0 dark ¼ ½V À þ ½V 0 and by assuming the transition rate g s to be constant in the steady state.
The average positron lifetime ave as a function of photon flux is plotted in the upper panel of Fig. 1 when illuminated with a 3.1 eV LED at 200 and 300 K, with 2.7 eV at 200 K, and with 2.4 eV at 300 K. ave behaves in a similar manner irrespective of the illumination wavelength or temperature. ave starts to increase above fluxes 10 13 cm À2 s À1 , and ave saturates when the flux is close to 10 17 cm À2 s À1 . The saturation value of ave depends on the temperature dependence of the trapping to the vacancy cluster; i.e., the trapping coefficient of the negative cluster slightly decreases between 200 and 300 K. ave increases as a function of flux due to the fact that more vacancy clusters become negatively charged, attracting more positrons due to the Coulomb attraction driven increase in the trapping coefficient. We assume that ave saturates with 2.4 eV illumination to the same values as for 3.1 and 2.7 eV; i.e., all neutral vacancy clusters could be converted into negative if the flux is high enough.
The exact charge state of the defect cannot be deduced, as the difference between the different negative states is expected to be much smaller than the difference between neutral and negative [23] . Hence, most of the effect detected as a function of flux is due to the disappearance of neutral clusters, and the saturation of ave can be attributed to none of the clusters being in a neutral charge state; i.e., the measurement is primarily sensitive to the number of neutral clusters.
The fraction of clusters in the negative charge state can be written as ½V À ½V 0 dark
where 2 is the trapping rate to the vacancy clusters, 0 is the trapping rate to the neutral cluster (in the dark), and À is the trapping rate when the positron lifetime has saturated (all clusters in a negative charge state). 2 has been estimated by using the trapping model shown in detail in Refs. [8, 24] . The fraction of clusters in a negative charge state is shown in the lower panel of Fig. 1 along with a fit of g s = based on the model described above [Eq. (2)] measured at either 200 or 300 K. The fit corresponds to the experimental data very well.
The decay rate g of the optical excitation must be solved in order to obtain the optical absorption cross section of the defect. This is done by solving Eq. (1) after switching off the illumination. The hole capture rate from the valence band to the electron level corresponding to the vacancy cluster can be written as g ¼ p hv p ip, where p is the hole capture cross section, hv p i is the thermal velocity, and p is the concentration of free holes. We assume that at and below room temperature the majority of free holes is caused by photoexcitation so that p ¼ ½V À for singly negative vacancy clusters. By solving the transition rate, the concentration of the negative clusters as a function of time is
where [V À s ] is the concentration of negative clusters before switching the illumination off (in the steady state). Figure 2 shows positron annihilation spectra at selected times after switching off the illumination. The measurement was cycled 1000 times in order to obtain sufficient annihilation statistics for the final spectra. It is clear that the lifetime component 2 ¼ 400 ps remains unchanged, but the intensity of the component decreases as a function of time resulting in the decrease of ave . Thus, ave is governed by the intensity of the 400 ps lifetime component as in the steady-state measurements. The spectra can be fitted with two lifetime components, and the trapping rate to the vacancy clusters can be estimated as 2 / I 2 =I 1 [8] . The fraction of negative clusters after the illumination can be estimated in a similar manner as in the steady state. The experimental points determined from the trapping rates are shown in Fig. 3 along with the fit based on Eq. (4). The decay spectra show only a single decay constant g s , indicating the presence of only one (or one dominating) recombination path.
We also studied the flux dependence of the decay of the photoexcitation from 10 14 to 10 16 cm À2 s À1 at and below room temperature. Interestingly, the transition rate g is constant for a given photon energy within the measurement precision irrespectively of the concentration of negative clusters at t ¼ 0, justifying the constant g in the model for the steady-state illumination. The functional form of g hence indicates that the hole capture cross section is inversely proportional to the vacancy cluster concentration or that the free hole concentration increases less rapidly than the negative vacancy cluster concentration. The exact origin of this behavior remains to be clarified.
The determined optical absorption cross sections (they increase with photon energy as can be expected from the typical absorption coefficient of brown type IIa diamond [8] ) are shown in Fig. 4 together with the optical absorption coefficient . The optical absorption cross section was measured also at several measurement temperatures down to 45 K (not shown) with estimated values being similar as in RT. We performed the flux-and wavelengthdependent experiments also on high temperature annealed brown diamond where the vacancy cluster concentration is reduced [8] compared to the untreated brown diamond studied here, verifying that the determined constants are independent of the defect concentration. The good correlation shows that electron photoexcitation from the valence band to the energy levels of the vacancy clusters is the main contributor to the optical absorption observed in brown type IIa diamond. Theoretical calculations [25] predict that clusters of vacancies produce a continuum of states in the gap, with the density of states increasing with the distance from the valence band, supporting this assignment.
We performed photoconductivity measurements in order to verify that photoexcited electrons indeed originate from the valence band. The samples showed no dark conductivity, while illumination resulted in a well measurable current through the samples (with 20 V bias). Based on earlier reports on Hall measurements under sub-band-gap photoexcitation, the photoconductivity in natural type IIa diamond is due to photogenerated holes [26] . In order to compare the diamond photoconductivity and the photoexcitation of vacancy clusters, the decay of photoconductivity was also measured.
The photoconductivity decay curves are shown in Fig. 3 for 3 .1 and 2.7 eV illumination. During the first 100 ms after switching off the illumination, the decay of the photocurrent is very rapid. After that, the behavior is in excellent agreement with the rates g s obtained from the positron measurements as a function of both photon flux and excitation wavelength. Also, the photoconductivity decay rates are rather insensitive to the illumination flux, suggesting that the average capture cross section for the holes indeed decreases as the photon flux is increased.
Our simple model does not to take into account the possible excitation of electrons from the energy levels of the vacancy clusters into the conduction band. This is a possibility at least at 3.1 eV. However, it seems that the optical absorption cross section for this process is small enough for this effect to be negligible. We wish to point out that the exact charge state of the vacancy clusters cannot be estimated based on the decay rate of the optical excitation, as the measurement is primarily sensitive to the difference between neutral and negative charge states. However, this does not affect the estimate of the optical absorption cross section, as the same ''effective'' transition rate back to neutral affects both the decay measurement and the steady-state measurements.
As natural diamond is known to contain several defects trapping charge carriers even in its purest form [27] , it is in principle possible that the photogenerated carriers could get trapped at other traps than the vacancy clusters. Furthermore, the electrons that are photoexcited into the vacancy cluster states could in principle be originating from donor-character defect levels (such as nitrogen [28] ) either directly or through the conduction band, instead of direct excitation from the valence band. These effects seem, however, unlikely as the positron data and the photoconductivity data transients interpreted within our simple model match irrespective of photon flux or wavelength. In addition, measurements performed down to 45 K (not shown) give the same results as those presented here, suggesting that no shallow traps for holes are involved in the recombination process.
In conclusion, we have developed a method based on positron annihilation spectroscopy that allows us to study the time-dependent relaxation of photoexcited vacancyrelated deep level states. The method can be applied to semiconductors and insulators where the charge state of vacancy defects can be manipulated by illumination. Importantly, the method is based on the direct detection of the excited state instead of, e.g., light emission from the relaxation process. To demonstrate the method, we apply it to natural type IIa diamond and propose a simple model to analyze the behavior of the carriers and defect levels in this material. The results suggest that both the photoconductivity and the brown color in type IIa diamond originate from the vacancy clusters. Finally, based on our simple model, we can estimate the vacancy cluster concentration as 4 Â 10 15 cm À3 without direct knowledge of the positron trapping coefficient. It should be noted that the long decay time (hundreds of seconds) makes the experiment quite straightforward, but the time scale can be shortened to the millisecond regime with the present setup. Even shorter time scales (down to nanoseconds) can be achieved by employing a pulsed positron beam [29] , entering the regime of, e.g., typical nonradiative recombination processes (that may be vacancy-related) in semiconductors for optoelectronics.
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